A total of 188 Bordetella strains were characterized by the electrophoretic mobilities of 15 metabolic enzymes and the distribution and variation in positions and copy numbers of three insertion sequences (IS). The presence or absence of IS elements within certain lineages was congruent with estimates of overall genetic relationships as revealed by multilocus enzyme electrophoresis. Bordetella pertussis and ovine B. parapertussis each formed separate clusters, while human B. parapertussis was most closely related to IS1001-containing B. bronchiseptica isolates. The results of the analysis provide support for the hypothesis that the population structure of Bordetella is predominantly clonal, with relatively little effective horizontal gene flow. Only a few examples of putative recombinational exchange of an IS element were detected. Based on the results of this study, we tried to reconstruct the evolutionary history of different host-adapted lineages.
The genus Bordetella consists of the following species; B. pertussis, B. parapertussis, B. bronchiseptica, and B. avium. These four species are pathogens of the respiratory tract and have adapted to a variety of vertebrate hosts. B. avium causes respiratory disease in fowl, while the other three species are associated with disease in mammals. B. pertussis is an obligate human pathogen causing whooping cough or pertussis. B. parapertussis generally causes a milder form of human pertussis and has also been isolated from sheep with chronic nonprogressive pneumonia (9) . B. bronchiseptica causes kennel cough in dogs and atrophic rhinitis in pigs and is associated with disease in a broad variety of other mammals. B. bronchiseptica is only rarely associated with disease in humans but can cause infections in immunocompromised patients (35) . Recently, two additional Bordetella species have been identified and designated B. holmesii and B. hinzi (8, 34) . Both of these species were isolated from the blood of immunocompromised human patients. In contrast to the other four Bordetella species, these organisms were not associated with antecedent respiratory disease (8, 34) .
The Bordetella species can be distinguished based on biochemical properties, growth characteristics, and motility. In addition, within one Bordetella species, subgroups can be differentiated. For example, B. parapertussis ovine and human isolates can be differentiated by phenotypical properties, multilocus enzyme electrophoresis (MEE) (28) , and insertion sequence (IS)-generated DNA polymorphism (32) . B. bronchiseptica strains can be differentiated by the presence or absence of IS1001 (31) .
Several studies have shown that B. pertussis, human B. parapertussis, and B. bronchiseptica are very closely related genetically (2, 14, 15, 19) . By MEE, the genetic diversity among B. pertussis, B. parapertussis (isolated from humans), and B. bronchiseptica was found to be very limited (24) . On the basis of overall genomic character and probable phylogenetic relationships, it was proposed that B. pertussis and human isolates of B. parapertussis should be considered clones of B. bronchiseptica that adapted to the human host relatively recently (24) . By MEE analysis, strains are assigned to particular electrophoretic types (ETs). The number of polymorphisms is roughly proportional to the time of divergence from a common ancestor. An alternative approach in determining the genetic relationships of bacterial strains is by analyzing strains with respect to the distribution and variation in positions and copy numbers of ISs (4, 16) . Within different ETs, a finer resolution can often be obtained with IS elements, because of the faster rate of change. In Bordetella, three IS elements, IS481 (22) , IS1001 (31) , and IS1002 (32) , have been identified and shown to be polymorphic in copy number and chromosomal position (32, 33) .
Several questions remain unanswered about the phylogeny of Bordetella species. Did B. pertussis and B. parapertussis have a common ancestor that adapted to the human host or did they evolve from B. bronchiseptica strains associated with different nonhuman mammalian hosts? Is ovine B. parapertussis most closely related to human B. parapertussis, and did it evolve from the human B. parapertussis population by adaptation to another host or vice versa?
In this study we attempted to establish the fine-structure molecular evolutionary relationships between Bordetella strains in relation to host adaptation by determining the distribution of three different IS elements within different multilocus genotypes of Bordetella.
MATERIALS AND METHODS
Bacterial strains. A total of 188 Bordetella strains were analyzed by MEE and investigated for the presence of either IS1001, IS1002, or IS481. These strains included 18 B. pertussis isolates, 10 human B. parapertussis isolates, 16 ovine B. parapertussis isolates, and 144 B. bronchiseptica strains isolated from various hosts as indicated in Table 1 . The strains studied represent the breadth of lineages of the species, but not all individual lineages were studied. Strains with ETs 2, 5, 7, 9, 10-13, 15, and 17-21 described previously (25) were no longer available and, hence, could not be investigated for the presence of IS elements. Strains with the aforementioned ETs are not listed in Table 1 . However, to be thorough, we chose to include these 14 ETs of B. bronchiseptica in the dendrogram in Fig. 2 .
Growth of bacteria and electrophoresis of enzymes. Bacteria were harvested from Bordet-Gengou agar plates and subsequently grown in 500 ml of StainerScholte medium at 37°C on an orbital shaker. Lysates were prepared for protein gel electrophoresis as described previously (25) . Lysates were electrophoresed on starch gels and stained for the following 15 enzymes; NADdependent malate dehydrogenase, fumarase, indophenol oxidase, hydroxybutyrate dehydrogenase, alkaline phosphatase (ALP), esterase, phosphoglucose isomerase, isocitrate dehydrogenase (IDH), phosphoglucomutase (PGM), adenylate kinase (ADK), leucine aminopeptidase (LAP), glutamate dehydrogenase, leucylalanine peptidase, catalase, and glutamic oxaloacetic transaminase (GOT). Different buffers and pHs were used in electrophoresis as described previously (25) . Each isolate was characterized by the combination of alleles at the 15 enzyme loci and with relation to previously established ETs (25) , which were used as controls. Determination of the presence of IS elements. Part of the strain collection had already been blotted and hybridized to IS-specific probes (32, 33) . These strains included all B. pertussis (33) and B. parapertussis isolates (32) used in this study and 50 of the B. bronchiseptica strains, 41 of which contained IS1001 (32) . All additional strains were investigated for the presence of IS1001, IS1002, and IS481 by PCR as described previously (32) .
Statistical analysis. The genetic diversity at a locus (h) among ETs or isolates was calculated as follows: h ϭ (1 Ϫ ⌺x i 2 )(n/nϪ1), where x i is the frequency of the ith allele and n is the number of ETs or isolates. Mean genetic diversity per locus is the arithmetic average of h values over all loci. Genetic distance between pairs of ETs was calculated as the proportion of loci at which different alleles were represented, and a dendrogram of ETs was constructed from a matrix of genetic distances by the average linkage method (30) .
Analysis of multilocus linkage disequilibrium was carried out as described by Maynard Smith et al. (21) based on the method of Brown et al. (7) .
The number of IS-specific hybridizing bands was determined by Southern blotting. Because the intensities of hybridizing bands were similar, single bands were assumed to contain one copy of an IS element. Bands of the same size were assumed to be identical. To measure the genetic variation between banding patterns created by restriction fragment length polymorphism (RFLP), we devised the following equation. The genetic diversity based on RFLP analysis was calculated as d ϭ 1 Ϫ [2x ab /(x a ϩ x b )], where x ab is the number of bands of identical size between two isolates a and b, and x a and x b are the number of bands in isolates a and b, respectively. The mean genetic divergence between clones was calculated by comparing all pairs of RFLP types.
RESULTS

Genetic diversity among ETs and isolates of Bordetella.
For the 18 isolates of B. pertussis, 4 of 15 enzyme loci were polymorphic (PGM, ADK, LAP, and GOT), and four ETs were identified (Tables 2 and 3 ). The mean (Ϯ standard deviation) genetic diversity per locus among ETs was 0.178 Ϯ 0.079, and that among isolates was 0.056 Ϯ 0.024. The human B. parapertussis isolates were the same ET. Among 16 ovine B. parapertussis isolates, 3 of 15 enzymes were polymorphic (ALP, IDH, and GOT) ( Tables 2 and 3 ). Five different ETs were identified. The mean genetic diversity per locus was 0.127 Ϯ 0.068 among ETs, and that among isolates was 0.076 Ϯ 0.043. Among B. bronchiseptica strains, 14 ETs were identified, 7 of which were assigned to B. bronchiseptica isolates analyzed in a previous study (25) . Seven new ETs were found. So as not to underestimate the genetic diversity among B. bronchiseptica isolates, we included the ETs that were found before (25) . When all ETs of B. bronchiseptica were included, the mean genetic diversity per locus among a total of 28 ETs was 0.232 Ϯ 0.054. The overall mean genetic diversity of 38 ETs of Bordetella was 0.252 Ϯ 0.049. Table 1 ). The number of copies of IS1001 among ovine B. parapertussis isolates ranged from 23 to 29, and four RFLP types were identified ( Fig. 1 and Table 4 ). The strains of these 4 RFLP types had 11 IS1001-containing SphI restriction fragments. Among human isolates of B. parapertussis, IS1001 was present in 20 to 21 copies, and three different RFLP types were identified among which 15 bands of identical sizes were present (Fig. 1) . IS1001 was present in 70 of 144 B. bronchiseptica strains. Among B. bronchiseptica strains, the copy number of IS1001 ranged from 1 to 7. Only one band was common to 41 of 70 strains, and 21 different RFLP types were found. Thus, based both on the variation in IS1001 copy number and on IS1001-based RFLP analysis, genotypic diversity was most limited among human B. parapertussis isolates and most varied among isolates of B. bronchiseptica. Nine copies of IS1002 were present in human isolates of B. parapertussis, and the RFLP patterns of all 10 isolates were identical. IS1002 was not found in ovine B. parapertussis isolates and occurred in only 1 of the 144 B. bronchiseptica isolates (a koala bear isolate), in which only a single copy was present. B. pertussis strains contained IS1002, and the copy number ranged from 4 to 8 per cell (Fig.  1) . In 100 B. pertussis strains, 36 different IS1002-based RFLP types were identified (33) .
IS481 is present in all B. pertussis isolates with an extremely high copy number which is estimated to be between 80 and 100 (12, 22) . IS481 is absent from B. parapertussis but was found in 2 of 144 B. bronchiseptica strains (from a guinea pig and a horse), with one and two copies, respectively. In summary, genotypic diversity, as estimated by RFLP analysis, was most limited among human isolates of B. parapertussis, with higher values for isolates of B. pertussis, ovine B. parapertussis, and B. bronchiseptica ( Fig. 1 and Table 4 ).
Reconstruction of a phylogenetic tree. A dendrogram generated by the average linkage method presents estimates of the genetic relationships among the 38 multilocus genotypes (Fig.  2) (Fig. 1) . Although different options in ET clustering are possible by average linkage algorithm, especially when genetic distances are Ն10, the composition of main clusters was not affected, and the ET of human B. parapertussis strains always clustered with that of IS1001-containing B. bronchiseptica isolates.
Host range of Bordetella in particular clusters or ETs. B. parapertussis strains within cluster B (Fig. 2) are strictly confined to sheep, while B. parapertussis of ET 28 (cluster C) were recovered only from humans. Strains within cluster F are highly host specific because B. pertussis is found strictly in humans. Host adaptation also occurs among B. bronchiseptica strains but is less strict. For example, all pig isolates of B. bronchiseptica were assigned to cluster C, but strains derived from other hosts (guinea pigs, cats, rabbits, and dogs) are found occasionally in this cluster. B. bronchiseptica strains of ET 6 and ET 8 (cluster D) were isolated only from dogs, while other ETs within the same cluster contained isolates from rabbits (ET 30, 31) and a turkey (ET 29). B. bronchiseptica strains within ET 16 (cluster E) showed a very broad host range and were isolated from eight different hosts. In contrast to the B. bronchiseptica strains within ET 1, no preference for one particular host was evident, as within ET 16, similar numbers of strains were isolated from different hosts ( Table 1 and Fig. 2) .
The population structure of the genus Bordetella. Linkage disequilibrium analysis of all Bordetella ETs shows that the nonrandom association of alleles differs significantly from zero, indicating that recombinational events are very rare in natural populations of Bordetella (Table 3) . However, when clusters of related ETs are subjected to linkage disequilibrium analysis, the evidence for nonrandom association of alleles largely disappears. The observation of reduced I A (index of association) values correlates with the host specificity of Bordetella isolates within separate clusters; it approaches linkage equilibrium (I A ϭ 0) within clusters of strains with a narrow host range (clusters B, D, and F) and indicates a freely recombining population (I A Ͻ 0) when strains have a broader host range (clusters C and E). Thus, the I A of alleles at different loci within separate clusters of ETs suggests that recombination may occur between strains of related lineages but not between more distantly related ones (Table 3) . 
DISCUSSION
Overall genetic diversity and relationships among Bordetella. Our results, as determined by MEE, show that the overall level of genetic diversity of Bordetella is restricted compared to that of other bacterial pathogens (13) . In general, populations of pathogenic bacteria, such as Escherichia coli (20) , Haemophilus influenza (27) , and Streptococcus pyogenes (26) , show substantial variation in genotypic diversity. The restricted genotypic diversity among Bordetella species suggests a very recent evolutionary origin. The high similarity of 23S rRNA gene (14) . In theory, the more varied genetic diversity of B. pertussis compared to that of B. parapertussis might be due to a larger population, but since population size is measured by isolation frequency, estimates of incidence   FIG. 2. Genetic relationships among B. pertussis, B. parapertussis, and B . bronchiseptica strains. The genetic distance between pairs of ETs was calculated as the proportion of loci at which different alleles were represented, and clustering of ETs was performed from a matrix of genetic distances by the average linkage method (17) . A genetic distance of 0.07 between ETs corresponds to a single locus difference, and the largest (0.59) corresponds to differences at 10 of 15 enzyme loci. The presence of IS elements is indicated by boxes. Small boxes indicate that the IS was present in only one isolate of the ET. Large boxes are shown in ETs in which all or Ͼ91% and Ͼ75% (in ET 1 and ET 3, respectively) of isolates contained the given IS element. In all other ETs, none of the isolates were found to contain an IS element. The number of strains (nϭ) assigned to a particular ET is indicated. For a number of branches no n value is given, as these ETs refer to historical samples that are no longer available. The number of different RFLP types per number of investigated strains is indicated, based on IS1001 among B. bronchiseptica and ovine B. parapertussis, on IS1001 and IS1002 among human B. parapertussis, and on IS1002 among B. pertussis. Also mentioned is the determined Bordetella species and the host(s) from which the strains were isolated. are likely to be biased towards B. pertussis. Because clinical symptoms of B. parapertussis infections are usually less severe, infections often go unnoticed. Immunological data showed that 40 to 90% of the population has antibodies against B. parapertussis (6). Furthermore, intensive immunization programs with whole-cell pertussis vaccines may have limited the size of the B. pertussis population, whereas that of B. parapertussis may not have been affected. Thus, the sizes of the B. pertussis and B. parapertussis populations may be comparable.
Clinical symptoms of whooping cough were first described in the 16th century (18) , and B. pertussis was isolated in 1904 (5). Although B. parapertussis is easier to grow, it was not isolated until decades later in 1937 (10) . Because of the larger genetic diversity of B. pertussis, demonstrated both by MEE and IS1002-based RFLP analysis, and because of the relatively distant relationship with B. parapertussis, we conclude that they do not have a recent common ancestor and most likely evolved from different lineages. Furthermore, the association of B. pertussis with humans probably predates the association of B. parapertussis with humans.
The evolution of human B. parapertussis. Human B. parapertussis isolates belong to a single ET, show little variation in IS1001 and pulsed-field gel electrophoresis patterns, and no variation in IS1002-based RFLP patterns. These observations suggest that insufficient time has passed for this host species to diversify, and consequently it is likely that B. parapertussis became associated with disease in humans only very recently. Since this study was initiated, many more B. parapertussis strains from worldwide locations have been subjected to RFLP analysis, confirming the unusual genetic homogenity among isolates of this species.
Computer analysis by average linkage method clustered the ETs of both human and ovine B. parapertussis with that of IS1001-containing B. bronchiseptica. RFLP analysis of human and ovine isolates in a previous study suggested that ovine and human B. parapertussis evolved independently from B. bronchiseptica, based both on the similarity of IS1001-based hybridization patterns among strains of one host species and the dissimilarity of hybridization patterns between the different host species and on the sequence homology of IS1001 (32) . Since the ET of human B. parapertussis isolates always clusters with B. bronchiseptica ETs 1 and 27, the derivation of human B. parapertussis from a B. bronchiseptica pig strain was confirmed by MEE analysis. Although no genes of ovine B. parapertussis have been sequenced, comparisons of fimbriae (29) , adenylate cyclase/hemolysin (3), pertactin (17) , and pertussis toxin genes (2, 19) Relative divergence of B. bronchiseptica. Geographically isolated populations may diverge differentially and result in overestimation of genetic diversity, which may be the case with B. bronchiseptica ETs. In B. bronchiseptica isolates from The Netherlands or the United States, which were sampled from a wide range of hosts, six and eight different ETs were found, respectively. Some ETs appear to be confined to certain geographic locations, e.g., ET 8, which is found in Europe but not in the United States. This observation was made in a previous study with a different collection of Bordetella strains (25) . This geographic component is illustrated by the separation of the ET of the Japanese isolate among B. pertussis isolates. Although the RFLP type of strain Tohama (ET 37) is very similar to that of B. pertussis ET 36 isolates, analysis of RFLP types from a previous study groups this isolate with other strains from Japan (33) . In summary, some B. bronchiseptica ETs may be geographically contained, while other ETs, such as ET 1 and ET 16, are distributed worldwide.
The reliability of the phylogenetic tree. Only in the absence of frequent recombination can a phylogenetic tree be constructed which may represent the evolutionary history of related bacteria. Linkage disequilibrium analysis based on multilocus genotypes showed that, although the overall population structure of Bordetella is clonal, recombination between strains of related genotype or particular hosts may be common. The possible occurrence of recombination was most prominent in B. bronchiseptica lineages. B. bronchiseptica strains, however, have been recovered from a wide variety of hosts and geographic locations. As recombination between spatially isolated populations is impossible, linkage equilibria may not be reliable in these cases. Evidence of recombination was weaker among ovine B. parapertussis derived from two separate locations and among B. pertussis isolates.
The distribution of IS elements in the genus Bordetella may be the outcome of both horizontal and vertical transmission. The route by which an IS element was acquired can be inferred from MEE analysis. Thus, the fact that a group of closely related strains contains a particular IS element can usually be taken as evidence that the element is an ancestral condition and was transferred by descent. The pattern of distribution of IS elements within clusters of related multilocus genotypes and the similarities between RFLP patterns of related strains within these clusters suggest that these three IS elements have been transmitted predominantly vertically, rather than horizontally. The results suggest that IS1001 was acquired by the common ancestor of the cluster that harbors B. parapertussis and certain B. bronchiseptica lineages. IS elements may also be lost by deletion events, and the absence of IS1001 from only a small fraction of B. bronchiseptica strains within this cluster may be indicative of such an event. In B. pertussis, vertical gene transfer is probably also responsible for the dissemination of IS481 and IS1002. In a number of cases, acquisition of an IS element is probably due to recent horizontal transfer, an assumption which may be supported by the lower copy numbers of IS481 (one and two) in B. bronchiseptica strains of ET 1 and ET 34, respectively, and one copy of IS1002 in a B. bronchiseptica strain of ET 1. IS1002 was further confined to human isolates of B. pertussis and B. parapertussis. Since the association of B. pertussis with humans probably predates that of B. parapertussis, IS1002 has most likely been horizontally transferred to a coinfecting B. parapertussis strain.
Thus, the population structure of Bordetella seems predom- Host diversity of Bordetella. In view of the restricted genetic diversity within Bordetella, the differences observed in the host adaptation of lineages are striking. B. pertussis and two distinct lineages of B. parapertussis are strictly associated with humans or sheep. A previous study showed that B. bronchiseptica of ET 1 and ET 6 were pig and dog specialist clones, respectively, whereas strains of ET 16 showed less host specificity (25) . Although B. bronchiseptica belonging to cluster C are isolated principally from pigs, they are capable of colonizing other hosts. B. bronchiseptica strains of ET 16 were also isolated from a broad range of different hosts, but in contrast to ET 1 isolates, no preference was indicated for any particular host. Although the dominance of ET 1 reflects an extensive sampling of pigs, this ET was found in 30% of strains derived from other hosts. In addition to having a worldwide presence, B. bronchiseptica of ET 1 may therefore be considered a very successful clone.
Recently it was reported that in B. bronchiseptica strains associated with phylogenetic lineage, the expression of alcaligin (a component involved in iron acquisition) was repressed by the two-component bvg regulatory system, whereas in other strains, it was bvg independent (11). This example may demonstrate that fine-tuning a phenotypic characteristic could facilitate the occupation of a particular niche or host. It is conceivable that apart from bvg repression of alcaligin, many phenotypic traits may play a role in defining host specificity. In view of the probable recent association of B. parapertussis with humans, this species may have undergone a more abrupt adaptation, a fact which might be established by host-specific adhesins. As IS1002 is confined strictly to human pathogens of B. parapertussis and B. pertussis, there is an intriguing possibility that horizontal transfer of IS1002, perhaps with associated sequences, played a role in the adaptation of B. parapertussis to the human host or in the emergence of a highly successful clone.
